SNPs in the first intron of FTO (fat mass and obesity associated) are strongly associated with human obesity. While it is not yet formally established that this effect is mediated through the actions of the FTO protein itself, loss of function mutations in FTO or its murine homologue Fto result in severe growth retardation, and mice globally overexpressing FTO are obese. The mechanisms through which FTO influences growth and body composition are unknown. We describe a role for FTO in the coupling of amino acid levels to mammalian target of rapamycin complex 1 signaling. These findings suggest that FTO may influence body composition through playing a role in cellular nutrient sensing.
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genetics | translation | tRNA synthetase | demethylase I n 2007, single nucleotide polymorphisms (SNPs) in the first intron of fat mass and obesity related (FTO) were found to be powerfully associated with body mass index and predisposing to childhood and adult obesity (1) . Many subsequent studies, covering multiple populations of European, African, and Asian ancestries, across different age ranges, have confirmed the association of FTO with body mass index (reviewed in ref. 2) . It is clear from the weight of evidence that the major effect of SNPs in FTO is on increased energy intake, with reduction in satiety (3) (4) (5) (6) (7) (8) . To date, no conclusive link has been made between the risk alleles and expression or function of FTO. However, transgenic manipulation in mice supports the notion that FTO itself regulates body weight, with overexpression resulting in obesity (9) , whereas Fto-null mice (10) and humans homozygous for a loss-of-function allele (11) display postnatal growth retardation and have high rates of early mortality.
FTO is widely expressed across multiple tissues, although it is most highly expressed in the brain, especially in the hypothalamus, a region that plays a key role in the control of energy homeostasis (12) . We have found that expression of FTO, specifically in the arcuate nucleus of the hypothalamus, is bidirectionally regulated as a function of nutritional status-decreasing following a 48-h fast and increasing after 10 wk of exposure to a high-fat diet-and that modulating FTO levels specifically in the arcuate nucleus can influence food intake (13) . Carriers of the obesity predisposing allele are hyperphagic and show altered macronutrient preference.
FTO shares sequence motifs with Fe(II)-and 2-oxoglutaratedependent oxygenases (12) . In vitro, recombinant FTO is able to catalyze the Fe(II)-and 2-oxoglutarate-dependent demethylation of nucleic acids. It is more active at RNA than DNA (12, 14) and is capable of demethylating N6-methyladenosine (15) (more prevalent on mRNAs) or 3-methyluracil (15) (more prevalent in tRNAs and ribosomal RNAs). To date, however, there has been no understanding of how FTO might functionally link to energy homeostasis, growth, or nutrient sensing.
Results
One of the most striking features of mice lacking FTO (10), or humans homozygous for an enzymatically inactive mutated FTO (11) , is severe growth retardation. We hypothesized that exploring the mechanisms underlying this phenotype might provide clues to the physiological functions of FTO. We examined cellular proliferation rates in embryonic fibroblasts from Fto −/− mice and Fto +/+ littermates. The growth rate of Fto −/− cells, measured over 5 d, was ∼50% of that seen in Fto +/+ mouse embryonic fibroblasts (MEFs; Fig. 1A ). To examine whether this reduction in growth rate was associated with a global decrease in protein synthesis, we examined the rate of translation of mRNA by using the technique of puromycin labeling of MEFs followed by antipuromycin Western blotting (16) . The rates of puromycin incorporation into nascent proteins were measured at three time points. Fto −/− MEFs showed markedly decreased puromycin incorporation at all time points, indicating reduced rates of mRNA translation (Fig. 1B) . mRNA translational rates in Fto −/− MEFs could be normalized by the expression of exogenous GFP-WT FTO but not by GFP alone (Fig. 1C) .
mRNA translational rates are dependent on the activity and integrity of the multi-tRNA synthetase complex (MSC), a multiprotein complex of aminoacyl-tRNA synthetases (AARSs) and accessory proteins including AIMP1, AIMP2, and AIMP3 (AARS complex-interacting multifunctional proteins 1, 2, and 3, respectively) (17) . AARS tether free amino acids to their cognate tRNAs in a process known as tRNA charging. Each of the 20 aa has its own AARS. During tRNA charging, at least nine different AARS and three AIMPs (18) cooperate to form the MSC. We compared the level of proteins and mRNAs for several members of this complex in Fto −/− and Fto +/+ MEFs as well as in the hypothalamic tissue from adult Fto −/− and Fto +/+ mice. To ensure we were comparing the MSC components levels, samples were subject to glycerol gradient fractionation and multiple fractions were subsequently immunoblotted (Fig. 1D) . Protein levels of AIMP3 and AIMP2 [which are solely present in the MSC and maintain integrity of the MSC (18)] were markedly reduced in Fto −/− compared with Fto +/+ MEFs, and levels of methionyltRNA synthetase (MRS) and lysyl-tRNA synthetase (KRS) were markedly reduced, especially in the glycerol gradient fractions in which they comigrated with AIMPs (Fig. 1D) . In a complementary analysis, we found reduced levels of MSC components in the MRS/KRS pull-downs obtained from Fto −/− MEFs cell lysates compared with pull-down performed in parallel from Fto +/+ MEFs cell lysates (Fig. S1A) . A similar reduction in several components of the MSC was seen in hypothalamic tissue from adult Fto −/− mice (Fig. 1E ). The expression of GFP-WT FTO in Fto −/− MEFs was able to rescue protein levels of many of the MSC components, including AIMP2, AIMP3, and KRS, but was less effective at restoring MRS protein levels (Fig. 1F) . In contrast to the protein levels, mRNA levels for MRS, KRS, AIMP2, and AIMP3 were indistinguishable between Fto −/− and Fto +/+ MEFs (Fig. S1B) . Thus, lack of FTO markedly impairs the formation and/or stability of the MSC.
Members of the AARS family have recently been identified as having a role in linking amino acid levels to the mammalian target of rapamycin complex 1 (mTORC1) signaling (19, 20) . Thus, we wondered if FTO-deficient cells might exhibit disturbed amino acid sensing. Consistent with this notion, Fto −/− MEFs showed a 50% decrease in survival rate after 24 h of amino acid deprivation compared with Fto +/+ MEFs ( Fig. 2A) . As the mTORC1 pathway is a key regulator of cell growth and mRNA translation (21) , and is sensitive to amino acid levels, we measured the status of mTORC1 signaling in Fto −/− MEFs. Consistent with the reduced mRNA translation, phosphorylation of S6 kinase-1 (S6K1; an effector of mTORC1) was reduced in the Fto −/− MEFs, indicating decreased basal levels of mTORC1 signaling (Fig. 2B ). To confirm that mTORC1 signaling is compromised in the absence of FTO, we examined the rate of autophagy, another key pathway regulated by mTORC1. To compare autophagy in Fto +/+ and Fto −/− MEFs, we measured levels of the autophagosome component LC3B-II (22) (Fig. 2C) . Bafilomycin was used to inhibit the degradation of LC3B-II and thus amplify the signal (22) . Fto −/− MEFs expressed more LC3B-II than Fto +/+ MEFs, indicating more autophagic flux in Fto −/− MEFs ( Fig. 2C ). To test the in vivo relevance of these observations, we analyzed LC3B-II amounts in mouse liver: this revealed increased amounts of LC3B-II in liver of Fto −/− compared with Fto +/+ mice (Fig. 2D ). To examine whether an increase in FTO expression in the cell would influence activation of mTORC1 pathways, HEK293 cells were transiently transfected with vectors expressing GFP-WT FTO or GFP alone. Transfection of GFP-WT FTO, but not GFP alone, resulted in a dose-dependent increase in the phosphorylation of S6K1 (Fig. 2E) .
We have previously reported that amino acid deprivation results in a rapid reduction of cellular FTO protein, likely involving active degradation (23) . We wondered if this active suppression of FTO levels was necessary for the cellular response to amino acid deprivation. To answer this question, we subjected HEK293 cells transfected with GFP vector or GFP-WT FTO construct to amino acid deprivation (Fig. 2F ). As observed earlier, amino acid deprivation reduces FTO levels and S6K1 phosphorylation in the empty vector-transfected HEK293 cells (Fig. 2F ). However, even though endogenous levels of FTO decrease during amino acid deprivation, overexpression of WT FTO in these cells prevents the expected reduction in S6K1 phosphorylation, in essence rendering them "insensitive" to amino acid deprivation (Fig. 2F) . A mutant (R316Q) form of FTO lacking demethylase activity (11) was, in contrast, ineffective in this regard (Fig. 2G ).
To begin to identify a molecular mechanism whereby FTO might impact on the pathways controlling mRNA translation, we undertook proteomic studies to identify proteins that physically interact with FTO. We immunoprecipitated Flag-WT FTO from lysates of transiently transfected HEK293 cells and subjected eluates to MS analysis. Among the proteins identified, four different AARSs-methionyl-, tyrosyl-, arginyl-, and phenylalanyl-tRNA synthetases (MRS, YRS, RRS, and FRS, respectively)-were detected in the Flag-WT FTO immunoprecipitates, but were absent in the Flag-control immunoprecipitates.
The interaction of MRS and FTO was validated by Western blotting of Flag-WT FTO immunoprecipitates from lysates of HEK293 cells transfected with Flag-WT FTO construct. We demonstrated that endogenous MRS coimmunoprecipitated with Flag-FTO (Fig. 3A) . We next investigated if endogenous FTO could interact with MRS by immunoprecipitating endogenous FTO from Fto +/+ MEFs. We performed the same experiments on Fto −/− MEFs as a negative control. An antibody against native FTO coimmunoprecipitated endogenous MRS (Fig. 3B) , and an antibody against endogenous MRS was able to coimmunoprecipitate native FTO (Fig. S2A) . These results confirm that the MRS is an interacting protein partner of FTO. We also tested the interaction of FTO with other AARSs, and observed that FTO coimmunoprecipitated with endogenous KRS (Fig.   S2B ) and RRS (Fig. S2C) , indicating that FTO physically interacts with multiple members of the AARS family.
Considering our observed interaction of FTO with multiple members of AARS, all of which are also the part of MSC, we asked whether FTO was itself present in the MSC. To answer this question, we performed glycerol gradient fractionation by using Fto +/+ MEFs cell lysates and loaded 13 fractions from low to high densities onto an SDS/PAGE gel (Fig. 3C) . We found that the bulk of AIMP3, AIMP2, MRS (Fig. 3C) , and KRS, and thus components of the MSC, are present in fractions 6 to 9 of glycerol gradients (Fig. 3C) . In contrast, FTO migrates with the lower-density fractions (i.e., fractions 1-5) of glycerol gradients and is clearly not a part of the MSC (Fig. 3C) . However, MRS (and KRS) is also present in these lower-density fractions with FTO (Fig. 3C) , and, crucially, when we perform anti-MRS immunoprecipitations from fractions 2 and 3 of the glycerol gradient obtained from lysates of Fto +/+ and Fto −/− MEFs, we continue to see coimmunoprecipitation of FTO with MRS (Fig.  3D) . Thus, FTO appears to interact with the pool of AARS that is free of the MSC.
Previous studies, by using immunofluorescence, showed that FTO is present in the nucleus (12) . AARSs, however, are predominantly, but not exclusively, cytoplasmic proteins. To establish whether FTO colocalizes in the same cellular compartment as MRS, we performed subcellular fractionation. We found that, in addition to the previously reported nuclear localization, FTO, along with MRS, is also present in the cytoplasmic fraction derived from Fto +/+ MEFs (Fig. 3E ). This cytoplasmic localization of FTO is also found in mouse pancreatic β-cells (Fig. S3A) and hypothalamic N46 cells (Fig. S3B) . Although it is formally possible that some nuclear-localized FTO that is weakly bound leaks into the cytosolic fraction during subcellular fractionation, it is also worth noting that a proportion of AARSs have been localized to the nucleus (24) (25) (26) . Thus, the precise subcellular localization of the interaction between FTO and AARS remains an open question. Considering recent reports implicating leucyl-tRNA synthetase (LRS) as a critical link between amino acid availability and activation of mTORC1 signaling (19, 20) and our findings that FTO deficiency leads to altered AARS levels, we measured LRS levels in Fto −/− MEFs. We found that, as with the other AARSs described earlier, lack of FTO also results in reduced amounts of LRS at the protein level (Fig. 4A) but not the mRNA level (Fig.  4B) . Our data as a whole, taken in context with the recent data implicating LRS as being a key amino acid sensor upstream of RAG and mTORC1, suggest a model whereby FTO is upstream of AARS (i.e., LRS) in the link between amino acid levels and mTORC1 signaling (Fig. 4C ).
Discussion
This study shows that cells lacking FTO display decreased activation of the mTORC1 pathway, decreased rates of mRNA translation, and increased autophagy, all of which are likely to contribute to the phenotype of stunted growth seen in humans and mice homozygous for loss-of-function mutations in FTO. The rapid degradation of FTO seen when cells are deprived of amino acids appears to a necessary component of the physiological response to amino acid deprivation, as artificial maintenance of FTO levels results in inappropriately maintained levels of mTORC1 activation in the setting of amino acid deprivation.
It is as yet unclear how the nucleic acid demethylase activity of FTO is related to its role in amino acid signaling. Clearly, a mutant form of FTO lacking demethylase activity is unable to mimic WT FTO in its ability to sustain mTORC1 activity in the setting of amino acid deprivation, so such enzymatic activity appears to be crucial to its signaling function. FTO has been shown to demethylate N6-methyladenine (15), which is predominantly found in mRNA, but can also demethylate 3-methyluridine (12, 14) , which is largely found in ribosomal RNA. Two independent studies recently published the human and mouse 6meA modification landscape in a transcriptome-wide manner (27, 28) . They report that 6meAs are common, are highly conserved between mice and man, and crucially, are dynamically, developmentally, and tissue-specifically regulated. 6meA at specific mRNA sites appears to perform a fundamental role in regulating gene expression; in particular, CAP structures with 6meA are most efficiently translated, as well as exerting varying effects on mRNA splicing and transport (27, 28) . Changing levels of FTO would presumably alter the 6meA landscape, possibly influencing rates of translation. The elucidation of the precise demethylation activities responsible for the physiological effects and the determination of the site of such actions within the cell are priorities for future research. How do these findings relate to the association between FTO SNPs and obesity? In humans, this association appears to be largely driven by effects on appetite and food intake rather than energy expenditure or nutrient partitioning (3) (4) (5) (6) (7) (8) . The sensing of amino acid levels in the brain has critical impacts on the activity of orexigenic and anorexigenic pathways controlling energy balance (29) , and FTO is most highly expressed in the brain (12) . Subtle and tissue-specific effects of intronic SNPs on expression of FTO in key brain centers concerned with the control of energy balance are likely to influence the way in which these cells sense amino acid levels. It is notable that human carriers of the obesity predisposing SNPs in FTO not only consume more calories at test meals but also show an alteration in nutrient preference, suggesting that FTO status can influence the central sensing of dietary macronutrient composition. The role in amino acid sensing we describe here may provide some clues toward understanding the cellular basis for this physiological phenomenon.
Methods
Reagents. Anti-rabbit FTO antibody was raised against recombinant fulllength FTO. Mouse antipuromycin was a gift from the laboratory of Philippe Pierre (Université de la Méditerranée, Marseille, France). Mouse monoclonal anti-FTO antibody was from PhosphoSolutions; rabbit anti-actin, mouse monoclonal anti-MRS, rabbit anti-KRS, rabbit anti-RRS, rabbit anti-LRS, rabbit anti-AIMP3, and rabbit anti-LC3B antibodies were from Abcam; rabbit antiFlag, rabbit anti-GFP antibodies, and anti-Flag M2 beads magnetic beads were from Sigma; rabbit anti-phospho T-389 S6K-1 antibody was from Cell Signaling; and rabbit anti-AIMP2 antibody was from Proteintech. Bafilomycin, puromycin, and WST-1 (Dojindo's highly water-soluble tetrazolium salt or (2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium, monosodium salt)) were from Sigma. Protein sepharose A and G and HRPconjugated secondary antibodies were from Amersham. All reagents not mentioned here were from Sigma.
Cell Culture and Transfections. MEFs and HEK293 cells were maintained in DMEM supplemented with 10% (wt/vol) FCS. For ectopic expression studies, transfections were performed using CalPhos kit (for HEK293) from Clontech and Neon System (for MEFs) from Invitrogen according to manufacturer protocol.
WST Assay. For measurement of the metabolic rate, cells were plated at 3,000 cells per well on a 24-well plate and grown. After different time periods as indicated, 250 μL of phenol red-free DMEM was added with 10 μM phenazine methosulfate and 50 μM WST-1, and cells were further kept at 37°C for 2 h. After 2 h incubation, 100 μL of the media was used for absorbance measurements. Readings were taken on the Oasys Expert plus plate reader in a dual mode with a recording wavelength of 450 nm and a reference wavelength of 620 nm.
Puromycin Labeling. Protein translation rates were determined by using puromycin labeling as described previously (16) .
Immunoprecipitation. Cells were rinsed twice with ice-cold PBS solution and lysed in 500 μL of ice-cold lysis buffer [50 mM Tris·HCl, pH 8.0, 120 mM NaCl, 5 mM EDTA, 10 mM pyrophosphate, 5 mM NaF, 0.1% Nonidet P-40, 0.1% SDS, and one tablet of EDTA-free protease inhibitors (Roche) per 25 mL]. Immunoprecipitation of Flag-hFTO was performed by adding 15 μL of anti-Flag M2 beads magnetic beads per 0.6 to 0.8 mg of protein lysate from cells transfected with Flag-WT FTO construct. Cell extracts with anti-Flag M2 beads magnetic beads were incubated overnight at 4°C on a rocking platform. Afterward, the immunocomplex was washed three times with the lysis buffer. Endogenous FTO were immunoprecipitated by using 2.0 μg of rabbit anti-FTO antibody and 35 μL of 50% slurry of protein A-Sepharose beads. Endogenous MRS, RRS, and KRS were immunoprecipitated as described in the manufacturer protocol. Immune complexes were washed three times with the lysis buffer and were then resuspended in 1× sample buffer for Western blot analysis.
Glycerol Gradient Fractionation. Cells were disrupted in ice-cold lysis buffer (50 mM Tris·HCl, pH 8.0, 120 mM NaCl, 5 mM EDTA, 10 mM pyrophosphate, 5 mM NaF, 0.1% Nonidet P-40, 0.1% SDS, and one tablet of EDTA-free protease inhibitors (Roche) per 25 mL], cell extracts were clarified at 55,000 × g for 25 min, and 900 μL was layered on a 10% to 45% glycerol gradient and centrifuged in an SW40 rotor for 16 h at 36,000 rpm at 4°C.
MS Analysis. Gel bands from SDS/PAGE were excised and subjected to in-gel tryptic digestion, and eluted peptides analyzed by LC/tandem MS by using an OrbiTrap XL coupled to a nanoACQUITY System. Raw files were processed using MaxQuant version 1.0.13.13 Quant module, and the resulting .msm files were searched against SwissProt version 57.1 by using Mascot Daemon 2.3. Species was restricted to human with precursor and fragment ion mass tolerances 2 ppm and 0.5 Da, respectively. Carbamidomethyl was defined as a fixed modification, with deamidation, oxidation, and acetylation (protein N terminus) allowed as potential variable modifications. Mascot search results were exported to Scaffold version 3.0 for validation. Peptide and protein probability were set at 90% and 99%, respectively, and reported proteins required a minimum of two peptides.
Preparation of Tissue Extracts. Approximately 100 mg of each sample from a panel of tissues were homogenized in 500 μL of RIPA buffer (with protease inhibitors and phosphatase inhibitors) by using the FastPrep-24 System (MP Biomedicals) according to the manufacturer's instruction. Lysates were collected after sedimenting the debris at 11,000 × g for 30 min at 4°C and stored at −80°C until analyses.
RT-PCR. Total RNA was isolated from Fto +/+ and Fto −/− MEFs by using the RNeasy Minikit (Qiagen) and was treated with DNase-1 (Qiagen) according to the manufacturer's instructions. First-strand cDNA was synthesized from 1 μg of total RNA by using M-MLV Reverse Transcriptase (Promega) according to the manufacturer's protocol. Quantitative real-time PCR analysis was performed on a TaqMan ABI Prism 7900 Sequence Detector System (Applied Biosystems). Expression results were analyzed relative to GAPDH and β-actin mRNA content in the same sample.
